We generalize in several ways the results existing in the literature: a) we make use of an exact general relativistic solution for a spherical, nearly empty cavity in the matter dominated era to evaluate the null geodesics and the SachsWolfe effect; b) we evaluate the magnitude of the adiabatic fluctuations of the photon-baryon plasma; c) we study the influence of the shell profile; and d) we take into account the finite thickness of the last scattering surface (LSS) and the influence of its position with respect to the void center. We find empirically an analytic approximation to the Sachs-Wolfe effect for all crossing geometries and we derive an upper limit of ≈ 25 h −1 Mpc for the comoving radii of voids sitting on the LSS in order to achieve compatibility with COBE's data. As a nearly empty void has an overcomoving expansion of a factor of ≈ 4 between decoupling and the present, the maximum allowed size at present is ≈ 100 h −1 Mpc. On the other hand, the smallness of the comoving size relative to the sound horizon reduces strongly the adiabatic effect by Silk damping and makes it negligible. Most of the signature of primordial voids comes therefore from metric effects and consists of subdegree spots blue or red depending on whether the center lies beyond or within the LSS. In conclusion we refine and confirm earlier constraints on a power law void spectrum originated in an inflationary phase transition and capable of generating the observed large scale structure.
INTRODUCTION
Inflation provides two well known mechanisms for relating primordial physics to perturbations on large scales (≥ 10 h −1 Mpc) in the observed universe. The first one arises from the small quantum fluctuations of the inflaton field: the fluctuations are stretched out to scales greater than the horizon (H −1 ) by the spatial expansion, and their dynamics freezes until the reenter in post-inflationary epochs. The second mechanism occurs in the case of a first order phase transition in the early universe; the nucleated bubbles imprint the density field. In fact, in this work we assume that they are the primordial cause of the large scale voids observed at the present. A class of inflationary models provides bubbles production; the underlying minimal physics is given by quantum field theory through quantum transition of the inflaton field from a false vacuum state to a true vacuum one. More realistic models of first order inflation (FOI), after the original version by Guth (1981) ,
were found by considering non-minimal gravity theories and two-field phenomenology (see e.g. , Kolb 1991 , Adams & Freese 1991 , Occhionero & Amendola 1994 , and made FOI the richest extension of the slow-rolling model worked out by Linde (1983) .
The hypothesis of a bubbly distribution of matter in the universe, theoretically interesting in itself, is strongly suggested by recent observations. Large-scale voids (≥ 10 h −1 Mpc ) have been discovered by recent redshift surveys (see e.g. Kauffmann & Fairall 1991 , Vogeley, Geller & Huchra 1991 , Lindner et al. 1995 references therein), but the definition of a statistics for their dimensions is still premature, due to the presence of voids comparable with the sample's size. Deep (1000 h −1 Mpc ) pencil-beam surveys toward the galac-tic poles revealed a fascinating regularity in the galaxy distribution with a characteristic scale of 128 h −1 Mpc (Broadhurst et al. 1990 ); El-Ad et al. (1996) constructed an algorithm to find voids in redshift surveys; da found that the voids are really empty of matter.
The estimate of the anisotropies induced by a void in the cosmic microwave background (CMB) yields the strongest constraint to the underlying inflationary physics by comparison with COBE observations (see e.g. Bennet et al. 1994 and references therein). Detections of degree scale CMB anisotropies (see e.g. Scott et al. 1996 ) provide in our case weaker constraints because they involve a limited part of the sky. To be quantitative, upgrading the experiment from 10 to 1 degree would imply a gain of a factor 100 in resolution; but in our case we would be looking for one single object, the largest, and we have to take into account the portion of sky in which we search (precisely rescaling by the corrisponding factor dNB in Eq.(37) below). Consequently, such observations would be significative in our case if the covered solid angle were at least 400 square degrees, and to our knowledge high resolution observations of this width do not exist.
The first attempt to relate the evidence of voids in the large scale matter distribution with FOI was made by La in 1991. Overcoming the difficulties of previous works (Turner et al. 1992 , Liddle & Wands 1991 , 1992 , it has been found that it is possible to construct models that fit the galaxy correlation function and pass the CMB bounds with a bubbly matter distribution (Amendola & Occhionero 1993 , Amendola & Borgani 1994 . Occhionero & Amendola (1994) found a toy model of FOI where the expected distribution in radius of the primordial voids, defined as the number of voids with radius greater than R today, is approximated by a power law,
This distribution is compatible with the measured galaxy power spectrum and with the CMB anisotropies for
normalizing NB to a cube with 500 h −1 Mpc by side.
Aim of this paper is to review and to set the constraint on RM and p more rigorously than in the original paper,
by an accurate evaluation of the physics involved.
A void is characterized by its central to asymptotical density ratio
that decreases with time. The dynamics of voids has been investigated by Icke (1984) and Bertschinger (1983 Bertschinger ( , 1985 in the strongly non-linear regime, ∆ ≪ 1, and for t → ∞. The important result of their analysis is that the physical radius r of a compensated void of total energy E increases as t 4/5 and that all the significative quantities of a void (pressure, density profile, velocity field, mass) are only functions of the dimensionless coordinate λ = r(Et 2 /ρ∞) −1/5 , thus remaining unchanged at late times (self-similar expansion). These analyses have been confirmed by N -body simulations (White & Ostriker 1990 , Dubinski et al. 1993 ). In the following we mean that R in Eq. (1) is the physical radius today; however, the corrisponding comoving quantity was smaller in the past by a factor of (t/t0)
particular, a void on the last scattering surface (LSS), at 1 + z ≃ 1000, was physically smaller by a factor of 4 × 1000.
If we connect present voids with primordial bubbles, the energy profile at nucleation time can in principle be calculated exactly by solving the inhomogeneous Klein-Gordon equation for the inflaton field with the appropriate tunneling-like initial conditions. The general structure is a spherically symmetric underdensity, with a thin wall, and a size of the order of H −1 (Coleman 1977) . The internal matter content depends on the detailed shape of the transition potential. However, its successive evolution depends crucially on the properties of the dominating cosmic fluid. From Vadas (1993) we know that super-horizon voids, during the radiation dominated era (RDE), undergo hydrodynamical inflow of the primordial plasma into the empty central region.
For an estimate of this effect we call η the mean veloc- ), a very typical value for CDM (La 1991 We use exact metric models, built by Occhionero et al. (1981 Occhionero et al. ( ,1983 , for the description of spherical, compensated structures directly in the matter dominated era (MDE). We investigate the metric distortion induced on the CMB radiation by the voids and check our approach by comparison with previous analyses of strongly nonlinear highly approximated voids completely crossed by photons (Thompson & Vishniac 1987, hereafter TV) .
CMB complete crossing of voids was treated recently by some authors (Panek 1992 , Arnau et al. 1993 comparing with previous results based on highly approximated models. Finally, in Sec.IV we consider the observational consequences of the voids lying on LSS. In the last section we draw the conclusions.
GEODESICS
The most natural theoretical enviroment to describe non-linear spherical large-scale perturbations was found by Tolman in 1934. We make the minimal assumption of pressureless fluid, according to the CDM paradigm.
The fundamental length element is (c = 1)
where M , the gravitating mass, plays the role of a radial coordinate, and Γ(M ), a generalization of the Lorentz γ, is a conserved quantity in the pressureless case; it is given by
Also
The Γ(M ) function characterizes the perturbation structure. The choice Γ = 1 reproduces the unperturbed Friedmannian case. For hyperbolic perturbations, we
and the solution to Eq. (6) takes the form
The model that we use here for Γ 2 + (M ), Occhionero et al. (1981 Occhionero et al. ( ,1983 , is suitable for description of a wide class of compensated matter structures, and has the following analytical form:
(ΓE ≡ Euler Function).
The model contains a tunable scale M * that will be typically 10 15 M0 for a large scale void. The BLs/L factor is a measure of the perturbation strength. The exponential in Eq. (13) Eqs. (9), (10).
We have now a model of spacetime; the next step is to integrate the null geodesics. We place the observer on the direction φ = 0, θ = π/2 from the void's center. A point on a null geodesic is marked by an affine parameter l, and the wave vector is
The geodesic equations are
Of these, Eq. (17) integrates directly into
where the constant k is fixed by the initial conditions.
We now integrate numerically Eqs. (15)(16) and (18) using the normalzation
as a check for the numerical accuracy. We set the "initial" conditions at the observation point P0 and we integrate backwards. After choosing (K
where in the last equality, obtained by imposing that the observation point lies in the Friedmann region, α is the angle that the geodesic under investigation forms at P0 with the direction of the void's center:
With the relations K φ = (1/r)0sinα and K θ = 0, the initial conditions are complete. A similar approach to the construction of null geodesics on spherical structures was used firstly by Panek in 1992.
Finally, we know (see e. g. Anile & Motta 1976) that the CMB temperature measured by the observer is related to its value seen at any point x along the geodesic specified by α through the relation
where u µ is the four-velocity of detection instrument. In the most interesting situation of a void intersecting the LSS, a peculiar velocity field causing a Doppler contribution exists at emission due to acoustic oscillations of the photon-baryon plasma: this contribution, evaluated in Sec.(IV) together with the dominant or comparable adiabatic effect, is small with respect to SW one because of Silk damping.
VOIDS IN FRONT OF THE LSS
As we already observed, a void, whether compensated or not, shows an over-comoving growth in an ordinary flat Friedmannian background. Then, in a first approximation, a void can be schematically represented as a region of space in which the scale factor a(t) grows faster than t 2/3 ; more precisely, Bertschinger (1983 Bertschinger ( ,1985 found t On the other hand, the radiation is heated when crossing the void walls, as it is discussed below.
The case to be discussed here concerns a void at zv = 900, completely crossed by a CMB photon. This case was analyzed in TV (firstly) and in recent works (Panek 1992 , Arnau et al. 1993 , Martinez-Gonzales et al. 1990 ). We leave to the next section the more impor- Thompson & Vishniac's analytical result is:
where ψα is the angle between the perpendicular to the shell and photon's direction at the leaving point; its expression as a function of α is
where dv is the comoving distance of the void's center.
In Fig.(1) profile. As we found that the variation of n does not change significatively the CMB perturbation (Eq. (35) below), we will neglect in the following this effect, and work with the simplest case n = 1. Also, Fig.(2) shows < δT /T >, defined as a COBE-like Gaussian-averaged signal:
where γ = 3 o , COBE's beam size, and N is the normalization constant; in the following, we will refer to the COBE Gaussian as W (α). It is evident that, as expected, the values reported in Fig.(2) , of the order of 10 −9 for the largest R, are extremely small compared with the observed anisotropies. Figure 3. Temperature changes followed as functions of z along a central trajectory in voids with present physical radii R =30, 50, 80, 100 h −1 Mpc sitting exactly on the LSS. In panel a the photons come from infinity with vanishing δT /T ; realistically, in panel b they leave either at z = 1100 or at z = 900; it is then seen that their frequency shift is either toward the red or toward the blue depending on the departing position. It must be remarked that the order of magnitude of this metric induced change is nearly 10 3 times its corrispondent value for complete crossing. Finally, panel c reports the underlying density profile.
We underline that this extreme smallness derives from the complete crossing of the void: in fact, the only observationally interesting voids are those intersecting the LSS, to be analyzed below. Furthermore, it must also be underlined that voids with z ≪ 1000 will produce an even smaller temperature perturbation, because cosmic expansion, not compensated by the overcomoving growth, dilutes them. The order of magnitude of the temperature change during crossing is predicted by considering the propagation of a photon in a region of space expanding as t 4/5 during a time δt ≃ R; the result is δT
VOIDS ON THE LSS
where overcomoving growth is taken into account and H −1 is calculated at interaction epoch z ≃ 1000. As may be easily seen from the figure, the predicted value is strictly respected; this argument was inferred firstly by Vadas (1995) . 
and r is the photon's coordinate. We see that the sharpness is already very strong in the present case n = 1;
increasing n up to infinity simply brings the curves in Fig.(3) to their limiting case
where θ is the Heaviside function. We also see that an axial trajectory presents a typical δT /T three orders of magnitude above the central one of Fig 
and taking δT /T |α=0 ≃ 10 −2 as a typical value from 
where 
i.e. a central cavity of depth 1 − δ surrounded by a compensating thin shell ∆R = a · R. The result, together with the exact calculus, is shown in Fig.(4) for the in-
and the typical set Ω b = .06, Ω0 = 1, h = .5 for a CDM universe; the signal that COBE would detect for this perturbation is also reported and proves to be below the SW contribution, as we have anticipated.
Therefore, the picture of a primordial void sitting on the LSS which emerges very clearly from this analysis is that of a strong spot of metric origin and of either color on very small angular scales.
For the above arguments, we are also allowed to use the standard homogeneous model for the width of LSS.
By taking into account the dependence of the fractional ionization on redshift z, and its consequences upon optical depth for photons, we are led to the probability function for a photon to be last scattered at redshift z (Jones and Wyse, 1985) P ( (50% ) is filled by primordial voids; the short-dashed line is based on small hot spots statistics; the solid line is the present result: the number of voids inducing a visible CMB perturbation must be smaller than one. The shaded region gives the acceptable parameter space for primordial void distribution in the whole observed universe.
We have integrated the CMB fluctuation for many void radii in the relevant range, to get < δT /T > as a function of R:
We can immediately obtain an upper limit for R as follows. At radial distance (1 + z) .2 r peak = R inside the void, the CMB distortion, whether red or blue, reaches its maximal value before going to zero (see Fig.(3) ). If r peak coincides with the peak in P (z) (at zLSS = 1067), the CMB distortion detected by an instrument with Gaussian window function with width γ (expressed in degrees) is found to be
where the numerical factor contains a correction 1/3 due to the LSS width for R near to H −1 . An R comes from the SW effect, while the remaining R 2 is due to the beam's angular width. Then, COBE-like experiments (γ = 3 o ) say that no voids with R = .97 H −1 ≃ 100 h −1 Mpc (25 at decoupling) or more exist on the LSS. We point out that the same result without considering the LSS width would be R = .63 H −1 . Now that we have the largest void passing the CMB bounds, we pass to evaluate the statistical consequences on distribution (1). The position of the LSS peak with respect to the void center corresponds to a value of x defined in Eq.(28); for any x, there will be a radius Rmax(x) for which the CMB distortion detected by COBE would be nearly 3σ; this is obtained numerically from Eq.(35), putting the LSS peak at r = x R from the void's center. The number of voids with comoving radius R is |dNB/dR|dR, and the fraction of them having the LSS peak at distance between r and r + dr is
The total number of such voids with R ≥ Rmax must be less than 1; this is equivalent to the condition
By using Eq.(1) we obtain the following upper limit relation between RM and p:
The result is shown in Fig.(5) (Amendola & Occhionero 1993) . The dashed area contains roughly the set of (p, RM ) values
that is the parameter space for which the voids respect all the CMB constraints worked out so far, and provide large scale power matching current observations of galaxy clustering.
CONCLUSIONS
We have built a formalism that allows us to check the plausibility of the cosmogonic role of primordial voids; here, strictly speaking, by "primordial" we mean "present already at decoupling": however the obvious suggestion is that the voids originate much earlier, pre- We thank David Wands and Michael Sahzin for useful comments.
